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Kwashiorkor is  today one  of  the  most serious  and  widespread  diseases  of 
infancy in the world. The nutritional basis for the disease is generally accepted 
but debate continues  as to whether the malady is due primarily to a  dispro- 
portion  between  total  protein  and  caloric  intake,  whether  an  imbalance  of 
amino  acids  is  involved,  or  whether  a  deficiency of  some unidentified  food 
factor  contributes  to  the  problem.  Clinical  studies  are  being  conducted  in 
many centers but with the exception of one preliminary report (1) no experi- 
mental investigations  using primates are known to us. 
One of the characteristic features of kwashiorkor is an accumulation of stainable 
lipide  in the liver. This fat occurs throughout the liver lobule in advanced cases but 
is seen first, and later predominantly, in the periportal areas (2). The condition of the 
patient is improved markedly by feeding skim milk powder, and recent publications 
by Brock (3, 4) suggest that the important ingredient is the improved supply of amino 
acids. 
Members of this Department have long been interested in fatty livers of dietary 
origin.  Shortly  after  the  lipotropic action  of choline  and  betaine had  been estab- 
lished  (5),  an effect of dietary protein on this phenomenon was noted  (6-9). This 
led  to  the  discovery  that  methionine  possesses  a  strong  lipotropic  activity  (i0), 
which  appeared at first to account for the effects of dietary protein (11, 12). Later 
Beveridge et al.  (13, 14)  reported that the balance of essential  amino acids as  well 
as the supply of lipotropic factors affects the fat content of kepafic cells in  the rat. 
Others have elaborated upon this phase of the problem (15-18).  Lack of choline had 
long been known  to  result  in  a  centrilobular  distribution  of  the  newly deposited 
hepatic lipides  in  rats.  More recently protein  deficiency  has been shown  to  cause 
the stainable lipide to appear in periportal areas of the livers of rats (19, 20). 
The present study deals with findings in primates. Monkeys have been fed 
purified diets free from choline and betaine and low in methionine, but believed 
* A preliminary description of/this work was reported at the Federation of American So- 
defies for Experimental Biology, Philadelphia, March, 1958. 
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to  be  adequate  in  other  respects.  (When  choline  was  present  the  monkeys 
gained in weight; one female had  a  baby  and  suckled  it.) 
Biopsy specimens of liver revealed that  after  1 year on the choline-free diet 
considerable  amounts  of  stainable  fat  were  present.  Fat  appeared  predomi- 
nantly  in  periportal  areas.  The  type  and  site of lipide  accumulation  in  these 
experimental  animals  had  a  close  resemblance  to  that  seen  in  certain  stages 
of  kwashiorkor.  The  livers  of  the  choline-supplemented  animals  appeared 
perfectly normal. 
Methods 
Four male Cebus monkeys weighing between 1.5 and 2 kg. and four Rhesus monkeys (two 
males, two females) weighing between 3.5 and 4 kg. were acclimated to their new environment 
after arrival in our colony. All animals proved to be healthy and free of infectious diseases. 
They gained weight on nutritious, mixed, natural foodstuffs.  After 6 months of acclimatization 
the animals were given the purified rations. 
TABLE I 
Percentage Composition of Choline-Deficient Diet MK-g 
Alcohol-extracted peanut meal*  10 
Soya protein~  10 
Sugar  33 
Starch  13 
Dextrine  13 
Lard  18 
Salt mixture§  3 
55 ml. water was added per kg. of dry mix.ll 
20 gin. of corn oil-vitamin mixture¶ and  20 gm. of sucrose-vitamin mixture¶ per kg. of 
dry mix were added after baking.ll 
* Extracted with 50, 75 and 95 per cent ethanol. 
Obtained  from  Archer-Daniels-Midland  Company,  Cincinnati. 
§ For details see: Canad. J. Meal. Sc.,  1953, 8, 135. 
I[ See text. 
¶  See Table II. 
Two Cebus and  two Rhesus monkeys were given a  choline-deficient diet the composition 
of which is outlined  in Tables I  and II. Two Cebus and  two Rhesus monkeys  received the 
same diet supplemented with choline chloride (0.3 per cent). 
Preparation of the Diets.--It was found that the diet when given as dry mixture was not 
well accepted by the animals and great amounts of the food were wasted. We therefore de- 
cided to bake the basal mixture and offer it as biscuits to the animals. The dry ingredients were 
mixed in 8 kg. lots in a Hobart mixer for 30 minutes. The mixture was divided into 2 kg. por- 
tions, into each of which 110 ml. of tap water was then stirred to give a pasty consistency. 
This batter was then baked on two biscuit sheets in an oven (180°C.)  for 20 minutes. Each 
biscuit sheet, therefore, carried an amount of I kg. of the original dry mix and 55 ml. of added 
water.  After baking,  10 minutes were allowed for cooling and  then  20 gm. of the corn oil 
vitamin mixture were equally distributed over the surface of the contents of each biscuit sheet. G.  F.  WILGRAM~ C.  C.  LUCAS~ AND  C.  H.  BEST 
TABLE  II 
Composition of Vitamin Supplomen~s  to Monkey Die~ MK-2 
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A.  Water-soluble vitamins PDM 
Sucrose-vitamin mix PDW ......................................  93 gin. 
Sucrose-vitamin mix PDX ......................................  5  " 
Vitamin C .............................  : ......................  2  " 
i00 gm. PDM 
1.  Composition of sucrose-vitamin mixture PDW 
Thiamine hydrochloride ......................................  500  rag. 
Riboflavin ..................................................  250  " 
Pyridoxine hydrochloride .....................................  200  " 
Calcium pantothenate ........................................  1,000  " 
Nicotinic acid ...............................................  1,000  " 
Folic acid ...................................................  50  " 
Biotin .....................................................  30  " 
2-Methyl-I, 4-naphthoquinone ................................  100  " 
p-Am~nobenzoic acid .........................................  10,000  " 
Inositol ....................................................  50,000  " 
Sucrose q.s. ad  ...............................................  1,000  gm. 
2.  Composition of sucrose-vitamin mixture PDX 
Same as PDW but supplemented with 3  mg. vitamin Bt2  per  i000 gm.  of vitamin- 
sucrose mixture PDW.  1  gin.  of  PDX  contains therefore  3  #g.  vitamin  B~  and 
1 gin. of PDM 0,.15 gg. vitamin B12. 
3.  Vitamin C  =  pure ascorbic acid, obtained from the British Drug Houses, Ltd. 
B.  Fat-soluble vitamins 
Cod liver oil concentrate ...................................... 
a-Tocopheryl acetate ......................................... 
Corn oil g.s. ad  ............................................... 
10.0 gin. 
10.0  " 
1,000.0  " 
The  cod liver oil concentrate was obtained from Ayerst, McKenna and Harrison, Ltd., 
Montreal,  Canada.  This concentrate contains 200,000  I.u.  vitamin D  and 50,000  t.u. 
vitamin A per gm. 
1 gm.  of the  corn oil-vitamin  mixture therefore  supplies 2000  LU.  vitamin  D,  S00  Lu. 
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The sucrose-vitamin mixture (20 gm.) was then dusted onto the surface, to which it adhered 
well under these conditions. After complete cooling had taken place the baked material was 
broken into  squares weighing about  20  gm.  each.  These  biscuits were  acceptable  to  the 
monkeys. 
This procedure changed a dry dusty diet into soft somewhat crumbly biscuits one surface 
of which was covered with the vitamin mixtures. As the vitamins were added after baking none 
were destroyed. To ensure freshness only 2 kg. was baked at a  time. This amount lasted for 
about 5 days. 
The monkeys were housed in individual units in a  room which was thermostatically con- 
trolled at 30°C,  and in which an automatic switch provided  light for half a  day.  The cages 
TABLE  III 
Liter Lipides 
Dietary  Liver dffr.*  lonkey  Sex  choline  % w.wt.$ 
No.  chloride 
Total lipides  Phospholipides  Free 
cholesterol 
Total 
cholesterol 
d% r  wt, w"  wt.:[:  dffr.*  wt.:~  diff.*  wt.:~  dffr.* 
A.  Cebus Monkeys 
M.  per__,,nt  20.78  12.50  60.1 
M.  0.3  19.31  6.11  31.7 
M.  19.95  21.78  109.4 
M.  0~3  23.01  8.61  37.4 
2.88 
2.98 
2.16 
2.87 
13.86  0.265  1.27 
15.44[  0.266[  1.38 
10.86  0.218  1.09 
12.47  0.219  0.95 
0.392  1.89 
0.3581 1.85 
0.322  1.62 
0.306  1.33 
B.  Rhesus Monkeys 
5  F.  --  20.03  13.65  68.1  2.93  14.63  0.255  1.27  0.345  1.72 
6  F.  0.3  20.32  5.92  29.1  3.62  17.82  0.255  1.26  0.3161  1.56 
7  M.  20.89  19.50  93.3  2.87  13.73  0.254  1.22  0.443  2.12 
8  M.  0.3  23.66  7.26  30.7  3.49  14.7510.2441  1.03  0.384  1.62 
* dffr.  =  dry, fat-free residue. 
:~ w.wt.  -- wet weight. 
were roomy enough to allow for moderate activity, but in addition, all animals were given an 
opportunity daily to exercise vigorously in a  special compartment adjacent to the cages. 
Both groups of animals were fed their diets at/libitum for a period of about 1 year, at the 
end of which time liver biopsies were taken by laparotomy under general (nembutal) anes- 
thesia. Lipides were determined on about 5 gin. of biopsy material (Table III).  Blood was 
withdrawn at  regular  intervals  from  the  animals  by  venipuncture and analysed for total 
lipides,  total phospholipides, and total  cholesterol  (Table IV).  Total liver lipides were ex- 
tracted with hot alcohol (3 times, 5 ml. per gm. each time) after grinding the biopsy specimen 
in a Waring blendor and treating the minced tissue with 5 volumes of redistilled acetone. The 
combined acetone and  alcohol extracts were  taken to  dryness in  vacuo  (water bath 45°); 
lipides in the residue were taken up in 3:1 (v/v) petroleum ether  (b.p.  40-60°)--chloroform. 
Values for blood lipides were obtained by a slight modification of Bloor's alcohol-ether extrac- 
tion method (21).  Cholesterol was determined on aliquots of the petroleum ether-chloroform 
solutions by the method of Sperry and Webb (22). Phospholipide P was determined by King's G. F.  WILGRAM, C.  C.  LUCAS, AND  C.  H.  BEST  365 
method (23) and phospholipide was calculated using the factor 25.0 X P. Total lipides were 
determined gravimetrically. 
Histological sections were done on small pieces of biopsy material and stained with hema- 
toxylin-eosin. Histochemical tests were performed to detect the presence of reticulin fibres and 
connective tissue in paraffin sections. Fat was stained with oil red O in frozen sections (24). 
TABLE  IV 
Monkey  No.  Sex  Dietary choline 
chloride 
Amount  per 100 ml. serum 
Mos. after institution  of diet 
I  '  I  ,2 
Serum Total Cholesterol 
per cent  rag.  rag.  rag. 
Cebus 
1 
2 
3 
4 
Rhesus 
5 
6 
7 
8 
M. 
M. 
M. 
M. 
F. 
F. 
M. 
M. 
0.3 
0.3 
0.3 
0.3 
171 
220 
158 
238 
159 
229 
138 
180 
142 
154 
136 
154 
133 
250 
100 
175 
109 
168 
153 
203 
36 
135 
110 
160 
Serum Total Phospholipides 
Cebus 
1 
2 
3 
4 
Rhesus 
5 
6 
7 
8 
M, 
M. 
M. 
M. 
F. 
F. 
M. 
M. 
0.3 
0.3 
0.3 
0.3 
250 
315 
204 
338 
269 
300 
225 
304 
229 
269 
139 
206 
233 
238 
168 
256 
169 
259 
187 
313 
61 
152 
140 
269 
RESULTS 
(a)  Weight  and  Growth.--The choline-deficient monkeys  either  kept  their 
weight  throughout the  entire experimental period or  increased it somewhat. 
The choline-supplemented animals ate more and grew better (Text-figs. 1 and 
2).  This  meant  that  the  choline-supplemented diet  was  sufficient and  well 
balanced in every respect,  otherwise good  growth  would not have been ob- 
tained (Text-figs. 1 and 2). 
(b)  Biochemical  Findlngs.--It  can be seen from Table III that there was a 
two-  to  threefold  increase in extractable lipides in the  livers of  the  choline- 366  KWASHIORKOR  TYPE  OF  FATTY  LIVER  IN  PRIMATES 
deficient animals. In contrast, there was a decrease in all fractions of the blood 
lipides in the choline-deficient monkeys (Table IV). These biochemical findings 
are consistent with those obtained in other species. 
(c)  Pathology  and Histology.--Upon  laparotomy no serous fluid was detect- 
able in the abdominal cavity in any of the animals. The gross inspection of 
spleen, intestine, pancreas, and kidneys did not reveal any abnormality. The 
great vessels of the abdominal cavity showed no sign of pathological changes. 
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T~xT-FIo. 1. Growth  curves of Rhesus monkeys.  S., supplemented; D., deficient. 
The only visible finding in the deficient monkeys was a slightly enlarged, firm, 
yellowish liver whose capsule was smooth and shiny without any adhesions. 
The livers of the supplemented animals, however, appeared perfectly normal. 
Histological examination of the  choline-deficient livers with fat stains re- 
vealed fine lipide droplets throughout the entire liver lobule, but the main site 
of fat accumulation was the periportal area (Figs.  1 and 2). Here lipide ap- 
peared  frequently in  huge  coalescing globules  that  squeezed  the  remaining 
cytoplasm to  a  narrow  rim.  The  nucleus in  these  lipide-laden hepatic cells 
often was displaced into a corner of the liver cell (Fig. 4). Sometimes numerous 
smaller droplets were discernible instead of one large globule. The Kupffer and G.  F.  WILGRAM,  C.  C.  LUCAS,  AND  C.  H.  BEST  367 
sinus cells as well as the biliary system appeared normal. No abnormal reticulin 
or collagenous fibres were observed in these animals after 1 year on the choline- 
deficient diet. Also, no fatty cysts were discernible, nor were there any signs 
that  the  lipide-laden  cells had  ruptured. 
The livers of the choline-supplemented monkeys did not exhibit any stain- 
able lipide at all and appeared perfectly normal in  every respect (Fig. 3). 
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TExT-FIG.  2.  Growth curves of Cebus monkeys. 
DISCUSSION 
The essential  amino acid requirements of monkeys are not known to us. 
Even the choline  requirement is still  not known. 
The appearance of stainable  lipide  in the periportal  areas  of the liver  lobules 
of rats is generally considered to indicate that some protein deficiency  or 
amino acid imbalance exists  in the ration. The periportal  accumulation of 
lipide  in our monkeys fed the  diet  deficient  in  choline  raised  suspicion  that the 
food was inadequate in protein.  While this  conclusion  would be the  correct  one 
in rats  it appears unwarranted in primates under our experimental conditions, 
for  the following  reasons.  When choline  (0.3  per  cent,  as chloride)  was included, 
good growth was obtained and perfectly  normal livers  were observed. One 
female on the choline-supplemented  diet became pregnant and gave birth 
to  a normal offspring  that  she suckled and raised  in  good health.  The essentially 
satisfactory nature of the basal ration is indicated by the fact that even the 368  KWASHIORKOR  TYPE  OF  FATTY  LIVER  IN  PRIMATES 
animals fed the choline-free diet did not lose weight, and some actually gained, 
in spite of a  fatty liver. The methionine content of the diet (about 160 mg. 
per 100 gin.) would be considered very low for a species  with a rapid rate of 
growth (e.g. the rat) but it was apparently reasonably adequate for the slower 
growing monkeys, when choline was present. 
When the choline content of the diet is insufficient, methionine may act as 
precursor for the biosynthesis of choline. When dietary methionine is limited, 
the evidence is strong that it is preferentially used for growth and maintenance 
(14, 25, 26). This hypothesis is supported by the observation that the monkeys 
fed  the  choline-deficient diet grew  to  a  limited extent and had  moderately 
fatty livers. Inclusion of choline in the diet eliminates the need for the body 
to divert any significant amount of methionine for lipotropic purposes--practi- 
cally all is available for growth or maintenance. This would explain why the 
choline-supplemented monkeys grew well and had normal livers. 
Attempts to estimate the food consumption of the monkeys were defeated 
by their wasteful behaviour. We were forced to use ad libitum feeding. With 
further experience we hope to achieve a reasonable degree of accuracy in paired 
feeding. 
The  pathological finding of  a  fatty liver  raises  the  question  as  to  what 
caused the abnormality. The fatty liver in these monkeys obviously was due 
to some nutritional factor. With a diet of the type fed here three factors come 
to mind: (a)  tack of choline,  (b)  insufficient methionine, and (c)  general de- 
ficiency of protein. The fact that supplementary choline prevented the develop- 
ment of fatty livers might seem to justify the conclusion that the first condi- 
tion, ~/z. lack of choline, was responsible. However, a  further analysis of the 
situation reveals  other possibilities.  The  basal diet was  designed to  be  free 
from both choline and betaine and low in methionine, which is  a  biological 
precursor of choline. Part, or all, of the hepatic lesion might be attributed to 
the low methionine content in the protein mixture used. 
The biological value of a  protein depends on its amino acid composition. 
When one essential amino acid is present in short supply, the other dietary 
amino acids are available for synthesis of body protein only in amounts pro- 
portional to that of the limiting amino acid (27, 28). If one accepts this concept, 
one has to conclude that restriction of dietary methionine will limit the extent 
to which the body can utilize the other amino acids supplied  in the diet. In 
other words, the diet low in methionine is probably also unsatisfactory with 
respect to other amino acids in spite of the amount of protein supplied. There- 
fore, a decision as to the primary dietary etiological factor in the production 
of the fatty liver is  not easily reached. The improvement brought about by 
choline  supplementation  could  be  due  in  part  to  sparing  methionine  and 
consequent improvement in the availability of the other essential amino acids 
in the dietary protein. G. F.  WILGRAM, C.  C.  LUCAS, AND C.  H.  BEST  369 
SUMMARY 
Fatty livers resembling those seen in the early stages of kwashiorkor have 
been produced in primates. Monkeys were fed, for about 1 year, purified diets 
free from choline and betaine and  low in methionine. Supplementation with 
choline slightly improved food consumption and gain in weight. Choline pre- 
vented the appearance of any stainable lipide in the liver of the control animals. 
The extent to which the slightly greater intake of protein, including methio- 
nine,  in  the  choline-supplemented animals  contributed  to  the  prevention of 
the periportal accumulation of fat in the liver is being determined. 
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to them by Dr. Gertrude van Wagenen. The authors are similarly  indebted to Dr. Frederick 
Stare and his associates for having provided advice in the handling and feeding of primates. 
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in the skillful performance  of the laparotomies  is gratefully acknowledged. 
We wish also to thank Dr. Jean M. Patterson for the chemical  analyses. 
BIBLIOGRAPHY 
1.  Mann, G. V., Andrus,  S. B., McNally, A., and Stare, F. J., J. Exp.  Med.,  1953, 
98, 195. 
2. Davis, J. N. P., Ann. New York Acad. Sc.,  1954, 57, 714. 
3.  Brock, J. F., Hansen, J. D. L., Howe, E. E., Pretorius, P. J., Davel, J. G. A., 
and Hendrickse,  R. G., Lancet, 1955, 2, 355. 
4.  Brock, J. F., and Hansen, J. D. L., Am. J. Clin. Nutrition,  1956, 4, 286. 
5.  Best, C. H., and Huntsman, M. E., J. Physiol.,  1932, 75, 405. 
6.  Best, C. H., and Huntsman, M. E., J. Physiol.,  1935, 88, 255. 
7.  Best, C. H., and Channon,  H. J., Biochem. J., London, 1935, 299 2651. 
8.  Channon,  H. J., and Wilkinson,  H., Biochem. J., London, 1935, 29, 350. 
9.  Channon, H. J., Loach, J. B., Loizides, P. A., Mamfold, M. C., and  Soliman, 
G., Biochem. J., London, 1938, 32, 976. 
10.  Tucker, H. F., and Ecksteen, H. C., J. Biol.  Chem., 1937, 121, 479. 
11.  Best, C. H., and Ridout, J. H., J. Physiol.,  1940, 97, 489. 
12.  Channon, H. J., Mills, G. T., and Platt, A. P., Biachem. J., London, 1943, 37, 483. 
13.  Beveridge, J. M. R., Lucas, C.  C., and O'Grady, M. K., J. Biol.  Chem., 1944, 
154, 9. 
14.  Beveridge, J. M. R., Lucas, C. C., and O'Grady, M. K., J. Biol.  Chem., 1945, 
160, 505. 
15.  Singal, S. A., Sydenstricker, V. P., and Littlejohn, J. M., Fed. Proc., 1949, 8, 251. 
16.  Singal, S. A., Hazan, S. J., Sydenstricker,  V. P., and Litflejohn, J. M., J. Biol. 
Chem., 1953, 200, 867. 
17.  Harper, A. E., Monson, W. J., Benton, D. A., and Elvehjem, C. A., J. Nutrition, 
1953, 50, 383. 
18.  Harper, A. E., Monson, W. J., Benton, D. A., Winje, M. E., and Elvehjem, C. A., 
J. Biol. Chem., 1954, 206, 151. 
19.  Lucas, C. C., and Ridout, J. H., Canad. J. Biochem. and Physiol.,  1955, 33, 25. 370  KWASHIORKOR TYPE OF  FATTY LIVER IN PRIMATES 
20.  Best,  C.  H., Hartroft, W.  S.,  Lucas, C.  C.,  and Ridout, J. H., Br/t.  M'd. J., 
1955, 1, 1439. 
21.  Bloor, W. R., Pelkan, K. F., and Allen, D. M., J. Biol. Chem., 1922, 52,  191. 
22.  Sperry, W. M., and Webb, M., J. Biol. Chem., 1950, 187, 97. 
23.  King, E. J., Biochem. J., London, 1932, 9.6, 292. 
24.  Wilson, W. D., Bull. Interm2. Assn. Med. Museums, 1950, 31., 216. 
25.  Treadwell,  C.  R.,  Groothuis,  M.,  and  Ecksteen,  H.  C.,  Y.  Biol.  Chem., 1942, 
142, 653. 
26.  TreadweU, C. R., Tidwell, H. C., and Gast, J. H., J. Biol. Chem., 1944, 156, 237. 
27.  Rose, W. C., Oesterling,  M. J., and Womack, M., J. Biol. Chem., 1948, 176, 753. 
28.  Cannon, P. R., Steffee, C. H., Frazier, L. J., Rowley, D. A., and Stepto, R. C., 
Fed. Proc., 1947, 6, 390. 
EXPLANATION  OF PLATE  25 
FIG. 1.  Low power, frozen section,  oil red O stain. The predominantly periportal 
distribution  of stainable lipide  is shown in  this low power photomicrograph  (liver 
biopsy, choline-deficient  monkey). X 25. 
FIG. 2.  Medium power, paraffin section, hematoxylin-eosin stain. Fat accumulates 
mainly in the periportal areas; large vacuoles in this paraffin section  represent sites 
of lipide accumulation. Lipide vacuoles are smaller in size and fewer in number around 
the central veins.  X  200. 
FIG. 3.  Medium power, frozen section,  oil red O stain. The choline-supplemented 
controls have normal livers.  The hepatic ceils show no pathological features in their 
cyto-architecture. No stainable lipide appears at all.  ×  150. 
FIG. 4.  Highest power, oil immersion, frozen section, oil red O stain. Lipide accumu- 
lation in the periportal areas of choline-deficient  monkeys. Fat appears in huge coa- 
lescing globules in two liver cells under highest power of magnification.  The remaining 
cytoplasm is squeezed  into a narrow rim and the nucleus  is displaced  into a corner 
of the cell. Several smaller fat droplets that have not yet coalesced are visible as black 
dots in the remaining cytoplasm. X 800. THE  JOURNAL  OF  EXPERIMENTAL  MEDICINE  VOL. 108  PLATE 25 
(Wilgram et al.:  Kwashiorkor type of fatty liver in primates) 